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Lipolysis of Domestic Wastewater in Anaerobic Reactors 
Operating at Low Temperatures 
Evangelos Petropoulos*a, Jan Dolfinga, Yongjie Yua, b, Matthew J. Wadea, Emma J. Bowena, Russell J. 
Davenporta, Thomas P. Curtisa 
Poor breakdown of lipids is a major barrier to the anaerobic treatment of domestic wastewater at low temperatures.  Lipids 
are degraded by extracellular lipases that are produced by, as yet, unknown bacteria. We wished to know if the poor 
degradation of lipids at low temperatures is due to a lack of lipase or to a lack of lipase activity.   We therefore conducted 
an assay of the lipase activity in biomass adapted to the treatment of settled domestic wastewater at 4, 8 and 15 oC and 
compared this with the activity of the same biomass at 37 oC.  Lipase activity decreased with temperature and was un-
measurable at 4 oC. When the lipase activity in the biomass was evaluated at 37 oC, the lipase activity was 21.7±14.0% greater 
in the biomass adapted to 4 oC than in the biomass adapted to 15 oC. We conclude that enzymes are produced at low 
temperatures but that the activity at these temperatures is low. Settled and unsettled wastewaters were used as controls 
and we were surprised to see lipolytic activity in the unsettled wastewaters at low temperatures. The activity was too high 
to be accounted for by the presence of biological detergents and we infer that is caused by bacteria naturally present in 
domestic wastewater. The presence of lipolytic activity at low temperatures was associated with the presence of members 
of the genera Trichococcus and Devosia, and the families Caldilineaceae and Bacteroidaceae.   
 
1. Introduction 
The use of anaerobic processes to treat domestic wastewater at low 
temperatures would be a revolutionary advance for the global water 
industry1. Lipid hydrolysis (lipolysis) is arguably the most important 
single barrier to that goal. Lipids are a major fraction of the COD (up 
to 40%) of municipal wastewater2. However, in studies of the 
anaerobic treatment of domestic wastewater at low temperatures 
lipids tend to accumulate whilst carbohydrates and proteins are 
typically removed3, 4, 5, 6.  However lipolysis is rarely studied in this 
context.  
 The hydrolysis and fermentation of lipids leads to the formation of 
VFA intermediates that are then used for methane production7. 
Lipases are of critical importance to this process as they are 
responsible for the hydrolysis of triacylglycerol and other lipids/fats. 
Limited lipolytic activity may lead to a reduced energy recovery, 
failure to meet the effluent discharge standards and to lipid 
accumulation in the reactor’s mixed liquor8. Lipids can also form 
agglomerates that settle in the bioreactor6, this can lead to biomass 
deterioration, washout9, 10 and treatment failure.  
Most lipases consist of a catalytic triad formed by the amino acids 
serine-histidine-aspartate/glutamine11 and a “lid” that controls 
access of the substrate based on hydrophobicity. Various 
mechanisms have been identified that allow these enzymes to 
function at low temperatures12, 13, 14, 15. This supports the premise 
that lipid hydrolysis in anaerobic wastewater treatment at low 
temperature can be achieved in the presence of organisms that 
produce such enzymes. 
The bacterial community participating in hydrolysis and 
fermentation of fats is complex and poorly understood16, 17. We only 
have an indication of which phyla may play a role. Bacteroidetes, 
Spirochaetes and Firmicutes are the predominant phyla in anaerobic 
bioreactors treating fatty wastewater at mesophilic and thermophilic 
conditions18, 19. These phyla were also observed in the microbiota 
that developed in mammalian, aquatic and serpent organisms’ 
guts21, 21, 22, 23.  Far more detailed and sophisticated studies are 
required to confidently determine which species and genera produce 
which enzymes. 
However, at this stage our first priority is fundamental information 
about the effect of temperature on the rates of lipolysis. In 
particular, if lipid accumulation can be attributed to the absence of 
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enzymes, or merely the absence of enzyme activity.  This study 
addressed that lacuna. 
2. Materials and Methods 
2.1. Reactor set up  
Reactors; seven quick fit 1-L glass batch reactors (Sigma Aldrich, UK) 
were assembled and incubated anaerobically at 4, 8 and 15 oC (n = 2, 
2 and 3 for 4, 8 and 15 oC respectively).  Mixing was only applied prior 
to sampling, at 140 rpm using a stainless-steel stirrer paddle to 
minimize likelihood of disturbance of the syntrophic communities24, 
25, 26, 27, 28, 29.  The reactors were prepared based on Petropoulos et 
al., 201730 and seeded volumetrically (250 ml) with an equal mixture 
of putatively cold-adapted sediment from Lake Geneva ‘’N 
46o23’04’’, E 6o25’07’’ (average temperature -11 – 17 oC) and soils 
from Svalbard, in the high Arctic at various sampling points situated 
at ‘’N78o, E11, 15,16o’’ (average temperature -16 – 6 oC). Reactors 
were operated at 4, 8 and 15oC for 1073 days to treat seven series of 
batches of wastewater prior to re-feeding for the 8th batch reported 
in the current study. The inoculum was re-fed with wastewater after 
the plateau phase in both methane and COD was reached. Re-
feeding of the 8th batch followed the same strategy as for the 
previous batches (centrifugation (Cryofuge 5500i, Thermo Scientific, 
UK) at 4000rpm for 20 minutes at 10oC – emptying of the supernatant 
– seeding/feeding (seed:substrate 1:3 v/v, domestic wastewater)).  
2.2. Substrate 
Wastewater: wastewater was collected from the Tudhoe Mill 
(County Durham, UK) wastewater treatment plant (WWTP), which 
treats domestic wastewater. Prior to feeding the samples were 
stored at 4oC for 7-14 days. The first 5 batches were fed with raw 
wastewater of varying COD concentrations (600-1000 mg.L-1) with a 
consistent composition of 45% lipids 35% carbohydrates and 20% 
proteins. For the subsequent batches primary settled influent was 
used (<300mgCOD.L-1) to represent the wastewater stream that 
enters to the biological process, no pH adjustments were made. The 
composition was 60% carbohydrates and 38% lipids; proteins were 
less than 2%. The wastewater for the batch experiment reported 
here had a COD of 286±29 mg.L-1 and sCOD of 99(±10) mg.L-1 allowing 
an OLR of 0.29kgCOD.m-3.d-1. The substrate’s total suspended (TSS) 
and volatile (VSS) solids were gravimetrically estimated27 from a 50 
ml sample as 133(±14) mg.L-1 and 83(±8) mg.L-1 respectively. Anions 
(SO42-, NO3-) after filtration (0.45µm) and analysis (Dionex, ICS-1000 
Ion Chromatograph fitted with AS40 Automated Sampler) were 
found equal to 0.9 and 92 ppm for NO3- and SO4-2 respectively. The 
reactors for this batch (batch 8) were monitored for 52 days after 
ensuring that a steady population and performance was achieved, 
analogous to the seven previous batches6, 26. The feed wastewater 
was exposed to UV irradiation at a dose of 110 kJ.cm-2 26. The 
rationale behind sterilization was primarily to exclude 
microorganisms originating from the ‘mesophilic' wastewater. The 
estimation of the lipid, protein and carbohydrates content of the 
biomass was carried out prior to re-feeding for the 8th batch (Day 
1073). Regardless this prolonged incubation the 8 so far applied HRTs 
highlight that the study aims in describing the limited hydrolysis 
phenomenon during the initial step of adaptation. 
2.3. Chemical analysis 
Proteins: The protein content of the mixed liquor and of the biomass 
(after lysis) was spectrophotometrically measured31, based on the 
interaction between protein and Coomassie Brilliant Blue G-250 
(595nm) at unfiltered samples. A spectrophotometer from Merck 
(UK) was employed to measure the absorbance of both samples and 
standards with known BSA (Bovine Serum Albumin) protein 
concentration (Sigma Aldrich (UK)). The conversion to COD was 
carried out using (C4H6.1O1.2N)x as a point of reference32. The 
conversion of the proteins to cells was carried out based on the 
estimation of the proteins that are present in the mixed liquor and 
the assumption that 1 cell contains 2.35×106 proteins (calculated 
based on the assumptions presented in Table 1; a similar value was 
proposed by Rittman and McCarty, 200133). 
Lipids: The lipids content of the biomass was estimated 
gravimetrically using a methanol:chloroform extraction protocol34 at 
a ratio 1:2. 1g of KCl was also added and mixed based on the 
optimized protocol suggested by Folch et al., (1957)35. 10ml of mixed 
liquor was used as sample volume for the particular study’s lipid 
content. The conversion to COD was carried out stoichiometrically 
using octanol (C8H18O) as a point of reference. The sample size and 
the power of the test were estimated using the Minitab 17 statistical 
software (Minitab Inc., State College, PA, USA). 
Carbohydrates: Carbohydrates content was estimated by the 
anthrone method, a colorimetric method firstly reported by Hedje 
and Hofreiter (1962)36 (1:4 sample:anthrone solution (dissolved in 
cold 95% H2SO4)). The concentration was estimated using a 
spectrophotometer from Merck (UK) at 630nm, standardizing a 
curve with known amounts of glucose. The conversion to COD was 
implemented stoichiometrically using glucose (C6H12O6) as a point of 
reference. 
VSS: The VSS content of the biomass was estimated gravimetrically 
as above, based on APHA, 200637. 
Methane: CH4 was monitored in the gas phase as % by volume, using 
gas chromatography.  Samples of gas (100 µl) were removed from 
the headspace using a gas-tight syringe (SGE-Europe), and injected 
onto a Carlo Erba HRGC S160 GC fitted with an FID detector and HP-
PLOTQ column (0.32 mm diameter, 30 m length and 20 µm film). The 
known headspace volume was used to convert the GC-measured gas 
concentrations into volume and CODCH4 concentrations. In the 
calculation, the liquid dissolved gases were estimated using the 
Henry coefficients (Henry coef.CH4: 433.6, 481.6, 574.8 at 4, 8 and 15 
oC respectively38. The Henry coefficients were used assuming 
equilibrium between the gas and the liquid phase. The production 
rates were expressed as COD mass that can be methanized per both 
gVSS in the mixed liquor and per cell estimated from the amount of 
proteins present in the mixed liquor (as described later). 
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VFA: Samples from the liquid phase were removed from reactors 
using sterile syringes, transferred to sterile 2 ml micro-centrifuge 
tubes and centrifuged (3 min at 13,000 × g) to obtain a supernatant 
for analysis.  Volatile fatty acid concentrations in the supernatant 
were analysed by ion exchange based on a modified standard 
method as previously described39. The detection limit of this 
instrument was 0.8 ppm. 
Enzyme extraction: the lipolytic activity protocol was based on 
Gessesse et al., (2003)40. 10ml of mixed liquor was taken from the 
reactors and were subjected to detergents (Triton X-100 and EDTA 
solution (optimised at the same study) before sonication (Labsonic, 
UK) to achieve cell lysis.  
Enzyme assay: similarly, the assay protocol was based on Gessesse 
et al., (2003)40 and Kim et al., (2012)41. P-Nitrophenyl palmitate 
(pNPP) (Sigma Aldrich, UK) was selected as substrate (p-NPP assay as 
described by Winkler and Stuckmann, (1979)42). The main principle 
of the p-NPP assay is the estimation of the p-NP (para-nitrophenol) 
that is released following the 1:1 mole:mole reaction as a result of 
enzymatic hydrolysis of p-NPP43, 44, 45.  
20mM of stock was prepared in Isopropanol (Sigma Aldrich, UK). The 
solution was further diluted 1:20 in 20mM Trizma (Tris HCl, pH 8.0) 
Buffer (Sigma Aldrich, UK) containing 0.1% Gum Arabic and 0.4% 
Triton X-100 (Sigma Aldrich, UK). 
Enzyme extract and substrate were set into a plastic cuvette (VWR, 
UK) at a 1:10 ratio. Samples were prepared in duplicates and 
incubated at the corresponding operational temperatures of 4, 8 and 
15 oC. Additional samples were set at 37 oC. Unsterilized primary 
settled wastewater controls were also prepared to identify whether 
or not the activity originated from the cells in the seed or from the 
cells in the wastewater. An additional assay was carried out on raw 
wastewater samples. These WW controls were added to check our 
previous finding that wastewater originated cells work in synergy 
with the cells of the seed, contributing to wastewater hydrolysis. 
Controls with only p-nitrophenyl palmitate were also prepared and 
tested at all temperatures. 
The cuvettes were set into a spectrophotometer (Merck, UK), and 
the absorbance was measured at 410nm.The readings were made 
every 20 minutes for the 1st hour and less frequently after that. The 
correlation was estimated by the curve formed by known 
concentration of p-nitrophenol standards. The standards were 
tested at all operational temperature for time: 0 and after 30 
minutes to examine whether there is a change in their structure of 
the compound after a certain time. As no difference was observed, 
the curves for time 0 were used. The results were expressed in units 
(U) of lipase activity, which corresponds to the amount of enzyme 
that hydrolyses 1μmol of para-nitrophenyl (or produces 1 μmol of 
para-nitrophenol) per minute. The activity was expressed per ml of 
mixed liquor, per gVSS and per mg protein. The activity U was also 
expressed as COD, the conversion was stoichiometrically estimated. 
For the evaluation of the k coefficient of the lipolysis from the 
inoculum further normalization of its activity was carried out as per 
the minimum concentration of proteins measured (for primary 
settled wastewater). 
The lipase assay was carried out on the 52nd day of the 8th batch, at 
the very early stage of the plateau phase in methane production to 
ensure that activity would be at the highest possible level.  
2.4. Community structure analysis 
DNA extraction: Biomass samples were obtained from the pellets 
produced during the preparation of samples for VFA analysis, as 
described. Total genomic DNA was extracted from biomass pellets 
collected during the VFA sampling using a FastDNA® SPIN for soil kit 
(Q-BIOgene, Cambridge, UK) according to the manufacturer’s 
instructions.  
Amplification: A 411-base-pair (bp) section of the 16s rRNA gene 
spanning the V4-V5 region (Escherichia coli positions 515 to 926) was 
selected for amplification following the protocol from McCann et al., 
(2016)46. 
Following PCR, samples were purified with PCR Purification Kit 
(Qiagen, UK) according to the manufacturer’s instructions and eluted 
in 50 µl EB buffer (10mM Tris Cl, pH 8.5) (Qiagen, UK). 
Library quantification; The concentration of DNA in purified PCR 
samples was then quantified using Quant-iT™ PicoGreen® dsDNA 
Reagent (Invitrogen, UK) using a Nanodrop 3300 Fluorospectrometer 
(Thermo Scientific, Wilmington, USA).  
Sequencing and bioinformatics; Sequencing was carried out by NERC 
Biomolecular Analysis Facility in the University of Liverpool 
(Liverpool, UK) using the Roche 454 sequencing GS FLX Titanium 
Series. The 16s rRNA gene data were processed using the 
Quantitative Insights Into Microbial Ecology (QIIME) 1.9.1 pipeline47. 
Briefly, the sequences were binned into OTUs using a 97% identity 
threshold, and the most abundant sequence was selected as a 
representative sequence for each OTU. The microbial taxonomy was 
assigned to OTUs against a subset of the GreenGene database (13.8 
version). UPARSE was used to align OTU, trim quality and remove 
chimera OTU48; https://www.drive5.com/uparse/). We obtained 
603359 sequences in total, and 6118 to 41454 sequences per sample. 
The sequencing data were randomly pruned to 6100 per sample for 
downstream analysis49. The differences in the bacterial communities 
between reactors and wastewater were statistical verified in the 
STAMP® platform; heatmaps show data matrices where colouring 
gives an overview of the numeric differences at genus level. The 
detailed significance between different genera was checked using 
White’s non-parametric t-test.  
3. Results 
Accumulation phenomena: After 1023 days and eight batches of 
feed, the lipids, carbohydrates and proteins in the mixed liquor were 
quantified and expressed in units of COD (Fig. 1.a). Lipids 
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accumulated in the bioreactor to a higher degree than proteins and 
carbohydrates at all temperatures (4, 8 and 15 oC).  
Proteins and cell content: In principle, the amount of bacterial 
biomass in the reactor can be measured by both the protein and the 
VSS concentrations in the mixed liquor (Table 1). However, the 
presence of plant material in the inoculum could have interfered 
with the latter biomass measure. We therefore only used the protein 
content approach to estimate the cell abundance (Table 1). Both 
proteins and VSS appeared to highest in the 8 oC reactors but the 
differences between reactors were not statistically distinguishable 
(P>0.05).  
Reactor efficiency: After an acclimation period ≈400 days the 
reactors showed satisfactory COD removal efficiencies irrespective 
of the wastewater type (raw or primary settled) (effluent quality and 
corresponding retention times after acclimation in Table 2). The 
COD:CH4 conversion ranged between 40-60% at 4oC whilst at 15oC it 
ranged from 50-90%6, 26 of the theoretically expected value. Methane 
was produced at all temperatures on all wastewater batches (Fig. 
1b); importantly, considerable methane production rates were 
achieved at low temperature (4oC). The methane in the aqueous 
phase did not exceed the 1% of the measured in the headspace 
volume. The putative cell specific methanogenic activity was 
estimated as 20.1±3.2, 8.0±1.6 and 23.7±5.7 fgCOD.cellprotein-1.day-1 
for 4, 8 and 15oC respectively. 
Lipase activity of the seed: The lipase activity at all operating 
temperatures (and at 37 oC) is shown in Table 3. As expected, lipase 
activity decreased (and lipid accumulation increased) as the 
temperature decreased (Fig. 2; Fig. 3). However, when measured 
under the same conditions (37 oC) (Table 3) the lipases from the 4 oC 
reactor were found to be equally or, plausibly, more active (P<0.1) 
than those formed from the biomass acclimated at 8 and 15 oC 
respectively. The effect of temperature on enzyme activity appeared 
to vary from reactor to reactor (Fig. 4). To facilitate comparisons with 
other studies the activity was also expressed: per gram VSS (U.gVSS-
1 or µmol pNPP.gVSS-1.day-1) and specific activity (fgramCOD.cell-
1.day-1) at 4, 8, 15 and 37 oC (Table 3). 
Effect of temperature on the properties of the substrate: 
Temperature not only affected the enzyme kinetics but also the 
physical properties of the lipids used in the assay. The optical density 
(OD) of the lipids (p-nitropenyl palmitate) was affected by the 
temperatures at which the assays were undertaken. The OD values 
after 20 minutes’ incubation were 1.04, 0.64, 0.61 and 0.27 at 4, 8, 
15 and 37 oC respectively.   
Lipolysis and methanogenesis: Lipolysis was not detectable at 4 oC 
and therefore may be regarded as the rate limiting step at this 
temperature. The concomitant increase in lipid accumulation was 
observed (Fig. 3).  
Lipase activity of the substrate: Lipolysis activity in primary settled 
wastewater was negligible (~0.00) at 4, 8 and 15 oC but evident at 37 
oC (Table 3). By contrast the raw non-settled wastewater showed 
considerable lipolytic activity ranging from 0.45 to 0.68 U.ml-1. The 
raw WW activity was hardly affected by temperature (Fig. 4) and was 
found to be similar or higher than to the activities observed for the 
mixed liquor solids in the reactors (Table 2).   
Bacterial community structure:The bacterial sequences were 
dominated by ten phyla (SI. Figure I) with Proteobacteria the 
predominant phylum at all operational temperatures. Firmicutes and 
Chloroflexi were the second most abundant groups, with the former 
more abundant at lower temperatures versus the latter at higher 
temperatures.  The phyla that were detected in the raw wastewater 
sample (SI. Figure I) were similar to those identified in the reactors, 
except for the absence of the Chlorobi, the presence of the 
Spirochaetes and the predominance of Bacteroidetes.  
At a family/genus level the picture remained unchanged for the 
inoculated reactors (Similarity <90%; P: 0.05), the differences 
between the cells originating from wastewater and those from the 
inoculum were more distinct though (Figure 5; similarity <20%; P 
<0.05).  The genera WCHB1-05, SHD-231 and unclassified 
Bacteroidaceae, Caldilineaceae, Clostridiales were the most 
abundant groupings in wastewater, and almost absent (P <0.05) the 
reactors at all temperatures (abundance >15%). This, combined with 
the presence of Devosia, Fusibacter, Thichococcus, Acetobactrium 
and Phenylobacterium could possibly explain the origins of the 
lipolytic activity observed in the wastewater. 
4. Discussion 
4.1. The limit of wastewater lipolysis  
It is well known that lipids accumulate at low temperatures in 
anaerobic wastewater treatment systems4, 6, 8, 50, 51. However this is 
the first study to quantify the effect of temperature on the rate on 
the lipolysis of domestic wastewater.  This is a valuable first step 
towards tackling an important barrier to the use of anaerobic 
methods to treat wastewater at low temperatures. 
Our work indicates that this accumulation of lipids is due to a lack of 
lipolytic activity in the biomass and not a lack of an indigenous 
capacity to produce lipase.  The close association between lipase 
activity and both methane production and lipid accumulation at 
differing temperatures is clear evidence that enzyme activity is 
contributing to both phenomena. This does not preclude the 
possibility that some other temperature related mechanism is also 
affecting lipid accumulation (e.g. changes in the lipid structure based 
on the measured O.D. of the p-nitrophenyl palmitate).  But there is 
no other obvious additional mechanism. 
4.2. The lipolysis activity from the seed 
At first glance, the lipase activity in our biomass appears at 
temperatures >4oC.  The rates are high when compared with 
activities in biomass from conventional digesters and activated 
sludge: 60 and 6541 and 30040 U/g VSS at 37 oC respectively (versus 
401, 506 and 793 U/gVSS at 37 oC in this study).  Even at 8 and 15 oC 
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our adapted bacteria had comparable activity (35 and 68 U/gVSS) to 
mesophilic and thermophilic biomass at warm temperatures. Higher 
rates could have been achieved if the sytem was operated in a high 
rate feeding regime in the presence of higher cell abundances. 
Nevertheless, the drop in hydrolysis rates with temperature  is the 
main barrier to the anaerobic treatment of domestic wastewater in 
temperate climates.  Even in our supposedly “adequately acclimated 
to cold” biomass, taken from the arctic and adapted to wastewater 
treatment, the loss of lipolysis is disproportionately responsible for 
the loss of hydrolysis at lower temperatures. The difference between 
the cell specific rates of lipid hydrolysis and the overall rates of cell 
specific hydrolysis (as estimated by Petropoulos et al., 201730) drop 
at temperatures <15 oC and stop at 4 oC.   
However, this is not due to a lack of lipase per se, but rather due to a 
lack of lipase activity: The same protein extracts that were inactive at 
4 oC displayed considerable activity when tested at 37 oC.  What is 
less clear is why the activity at low temperature was so poor for our 
adapted biomass.  We noted a considerable increase in the optical 
density in the lipid containing enzyme assays at low temperatures.  
This leads us to suspect that the increased rigidity of lipids at low 
temperatures52 is important and could prevent the enzymes from 
accessing their targets in the solidifying substrate.  
If lipid removal, and thus lipase activity, is key to a successful 
anaerobic treatment of domestic wastewaters at low temperatures 
the nature of the lipids in the feed is potentially critical.  We do not 
yet know if the fats used in artificial wastewaters (for example soya 
oil and milk powder) will faithfully represent real wastewaters. 
Disintegration-related parameters are also potentially important, 
but are rarely taken into consideration53. However, we speculate that 
the putative greater diversity of lipids in real wastewaters may 
require a greater diversity of enzymes for successful treatment.  By 
the same token, an improved picture of lipolytic activity would be 
garnered using a realistic mixture of many lipid substrates in enzyme 
assays.  Numerous studies12, 21, 40, 41, 54 have previously relied on para-
nitrophenyl palmitate as a proxy for the most difficult to degrade 
lipid (saturated fatty acid, melting point: 63 oC, solubility: 0.000145 
mg.L-1 at 25 oC)). 
4.3. The lipolysis activity from the wastewater 
The discovery of a background level of lipolytic activity in unsettled 
wastewater was an unexpected benefit of including real wastewaters 
in this study. Although the activity levels are low, they could 
contribute to the treatment of wastewaters at low temperatures.  
The origin of this activity is unknown and curious in two respects: (i) 
the activity is almost unaffected by changes in temperature and (ii) 
is largely removed by primary sedimentation.  The second point 
implies that the activity is associated with larger solids and is 
supported by the difference of the protein content between the WW 
at the two steps.  The reduction of enzyme activity in settled 
wastewater has been previously observed55, but the capacity of 
these enzymes was not previously defined. 
An intriguing hypothesis is that some of the lipase activity is derived 
from enzymes in detergents.  Lipase activity in a domestic detergent 
was also found to be relatively insensitive to temperature56 and this 
could be a signature of detergent related lipases in wastewater. 
However, the same study found there to be 122 U of lipase activity 
per gram of washing powder; this is only enough to provide 0.0011 
U of lipase activity per ml (assuming 5Kg of detergent per person per 
year and 150 liters of water per person per day57. This is too low to 
account for the lipase activity seen in our raw wastewater. This 
implies that some of the raw-WW originated cells could express 
enzymes that have evolved to function at low temperatures12, 13, 14, 
15. 
4.4. Community structure and metabolism of lipids 
It therefore seems more likely that this lipase activity is associated 
with the ecology of the sewer.  It is plausible that bacteria present 
in the wastewater and the sewer system produce the low 
temperature lipolytic activity.  Two phyla, Bacteroidetes and 
Spirochaetes that have been reported in reactors treating fatty 
wastewaters18, 23, 58 were indeed present in the wastewater and 
notably absent from the reactors. Our sequencing data suggest that 
Trichococcus and unclassified Caldilineaceae and Bacteroidaceae 
are likely to be the link with the high lipolysis observed in 
wastewater59, 60, 61. We suspect that WCHB1-05 is also important in 
this respect as this genus is often observed in reactors poor in 
available organic material62, 63, a situation very likely in our reactors 
where part of the organic material was unavailable (lipids) at low 
temperatures. The genus WCHB1-05 is also associated with 
bioremediation of hydrocarbons64. this increases the likelihood of 
its potential to degrade other oils/fats as well65. All these genera 
were found to be present in only low numbers in the inoculated 
reactors (P<0.05) in which the families of Bacteroidales, 
Planococcaceae and Conexibacteriales were the predominant ones; 
the two first were absent from the wastewater.  
The presence of a cold-adapted/psychrophilic genus Devosia in the 
wastewater99, 67 could be significant68, 69. Significant enzymatic (but 
not lipolytic) activity has been observed in sewer biofilms70; this 
phenomenon should be revisited as it could help us develop low 
temperature anaerobic treatments.  
A definitive answer to the source of the enzymes for hydrolysis in 
general and lipolysis in particular would benefit from a coupled 
metagenomics and metaproteomics study.  Linking lipolysis with 
specific species, especially in raw WW could be the next step to 
overcome decelerated lipolysis at low temperature (e.g. via DNA-
SIP). Unfortunately, we were unable to visualise proteins on an SDS 
gel using established of protein extraction methods. 
Metaproteomics, is a rapidly evolving field and we expect the 
challenge will succumb to a more sophisticated approach71, 72. 
5. Conclusions 
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This is the first study of the effect of temperature on the rates of 
lipolysis in domestic wastewaters. Lipid hydrolysis, and specifically 
reduced lipolysis activity, but not the absence of lipase is the main 
factor limiting the removal of COD in the anaerobic treatment of 
domestic wastewater at low temperature.  There is an unknown, 
and unexpected, source of lipolytic activity in unsettled 
wastewaters, that appeared to be almost unaffected by 
temperature. We do not know which bacteria produce the lipases 
but we suspect Firmicutes, Spirochaetes and Bacteroidetes to be the 
key phyla, and specifically the genus Trichococcus and the families 
Caldilineaceae and Bacteroidaceae. However, a study of the 
metaproteomics and metagenomics of the biomass is needed to 
determine which organisms produce which enzymes.  For the time 
being, we recommend that anaerobic reactors treating domestic 
wastewater at low temperatures are fed with unsettled 
wastewater. 
Funding Sources 
Engineering and Physical Sciences Research Council, UK (grant 
reference EP/G032033/1). 
Conflicts of interest 
There are no conflicts to declare. 
Acknowledgements 
This work was funded by the Engineering and Physical Sciences 
Research Council, UK (grant reference EP/G032033/1). R.J.D. 
acknowledges funding from an RCUK Academic Fellowship 
(EP/E500501/1) and EPSRC Challenging Engineering award 
(EP/I025782/1). We acknowledge Dr Manuel Ferrer from the 
ICP -Instituto de Catálisis y Petroleoquímica (Madrid-ES) for his 
endeavor in proteomics and Mr Ian Watts (MSc graduate, 
Newcastle University) for his contribution to the estimation of 
the lipolysis activity from commercial detergents. 
References 
 
1 P. L. McCarty, J. Bae, J. Kim, Domestic Wastewater Treatment 
as a Net Energy Producer–Can This be Achieved? Environ. Sci. 
Technol., 45 17, 7100–7106 
2 K. Raunkjær, T. Hvitved-Jacobsen, P. H. Nielsen, Measurement 
of pools of protein carbohydrate and lipid in domestic 
wastewater, Water Res., 1994, 28: 251-262. DOI: 
10.1016/0043-1354(94)90261-5 
3 R. R. Dague, G. C. Banik, T. G. Ellis, Anaerobic sequencing 
batch reactor treatment of dilute wastewater at psychrophilic 
temperatures, Wat. Env. Res.,1998, 70, 2, 155-160 
4 Y. Miron, G. Zeeman, J. B. van Lier, G. Lettinga, The role of 
sludge retention time in the hydrolysis and acidification of 
lipids, carbohydrates and proteins during digestion of primary 
sludge in CSTR systems, Water Res., 2000, 34:1705-1713. DOI: 
10.1016/S0043-1354(99)00280-8 
5 N. Mahmoud, G. Zeeman, H. Gijzen, G. Lettinga, Anaerobic 
stabilisation and conversion of biopolymers in primary 
sludge—effect of temperature and sludge retention time, 
Water Res. 2011, 200438, 4: 983-991, DOI: 
https://doi.org/10.1016/j.watres.2003.10.016 
6 E. Petropoulos, PhD Thesis, Newcastle University, Newcastle, 
UK, 2015 
7 I. Angelidaki, S. P. Petersen, B. K. Ahring, Effects of lipids on 
thermophilic anaerobic digestion and reduction of lipid 
inhibition upon addition of bentonite, Appl. Microbiol. 
Biotechnol., 1999, 33, 4, 469-472 
8 A. Rinzema, A. Alphenaar, G. Lettinga, Anaerobic digestion of 
long-chain fatty acids in UASB and expanded granular sludge 
bed reactors, Process Biochem., 1993, 28: 527-537. DOI: 
10.1016/0032-9592(93)85014-7 
9 S. Uemura, H. Harada, Treatment of sewage by a UASB reactor 
under moderate to low temperature conditions, Bioresour. 
Technol., 2000, 72: 275-282. DOI: 10.1016/S0960-
8524(99)00118-2 
10 T. A. Elmitwalli, V. Sklyar, G. Zeeman, G. Lettinga, Low 
temperature pre-treatment of domestic sewage in an 
anaerobic hybrid or an anaerobic filter reactor, Bioresour. 
Technol., 2002, 82: 233-239. DOI: 10.1016/S0960-
8524(01)00191-2 
11 M. Cygler, P. Grochulski, R. J. Kazlauskas, J. D. Schrag, F. 
Bouthillier, B. Rubin, A. N. Serreqi, A. K. Gupta, A structural 
basis for the chiral preferences of lipases, J. Am. Chem. Soc., 
2004, 116, 197-211, DOI: 10.1021/ja00087a002 
12 M. Tsuji, Y. Yokota, K. Shimohara, S. Kudoh, T. Hoshino, An 
application of wastewater treatment in a cold environment 
and stable lipase production of Antarctic basidiomycetous 
yeast Mrakia blollopis, PLOS One, 2013, 8: e59376. DOI: 
10.1371/journal.pone.0059376 
13 S.-K. Jung, D. G. Jeong, M. S. Lee, J.-K. Lee, H.-K. Kim, S.E. Ryu, 
B. C. Park, J. H. Kim, S. J. Kim, Structural basis for the cold 
adaptation of psychrophilic M37 lipase from Photobacterium 
lipolyticum, Proteins, 2008, 71, 476-484. DOI: 
10.1002/prot.21884 
14 C. Alquati, L. de Gioia, G. Santarossa, L. Alberghina, P. 
Fantucci, M. Lotti, The cold-active lipase of Pseudomonas 
fragi: Heterologous expression, biochemical characterization 
and molecular modelling, Eur. J. of Biochem., 2002, 269, 3321-
3328, DOI: 10.1046/j.1432-1033.2002.03012.x 
15 J. L. Arpigny, J. Lamotte, C. Gerday, Molecular adaptation to 
cold of an Antarctic bacterial lipase, J. Mol. Cat. B: Enzym., 
1997, 3, 29-35, DOI: 10.1016/S1381-1177(96)00041-0 
16 D. Z. Sousa, H. Smidt, M. M. Alves, A. J. M. Stams 
Syntrophomonas zehnderi sp. nov., an anaerobe that 
degrades long chain fatty acids in co‐culture 
with Methanobacterium formicicum, International J. Syst. 
Evol. Microbiol., 2007a, 57 (3): 609–615.  
17 Sousa DZ, Pereira MA, Smidt, H, Stams AJM, Alves M. M. 
Molecular assessment of complex microbial communities 
degrading long chain fatty acids in methanogenic bioreactors, 
FEMS Microbiol. Ecol., 2007b, 60: 252–265. DOI: 
10.1111/j.1574-6941.2007.00291.x 
18 T. Shigematsu, Y. Tang, Y. Mizuno, H. Kawaguchi, S. Norimvra, 
K. Kida, Microbial diversity of mesophilic methanogenic 
consortium that degrade long‐chain fatty acids in chemostat 
cultivation, J. Biosci. Bioeng., 2006, 102: 535–544. DOI: 
10.1263/jbb.102.535 
19 M. Hatamoto, H. Imachi, A. Ohashi, H. Harada, Identification 
and cultivation of anaerobic, syntrophic long‐chain fatty acid‐
degrading microbes from mesophilic and thermophilic 
methanogenic sludges, Appl. Environ. Microbiol., 2007, 73: 
1332–1340. DOI: 10.1128/AEM.02053-06 
20 F. Backhed, H. Ding, T. Wang, L.V. Hooper, G. Y. Koh, A. Nagy, 
C. F. Semenkovich, J. Gordon, The gut microbiota as an 
Journal Name  ARTICLE 
This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 7  
Please do not adjust margins 
Please do not adjust margins 
environmental factor that regulates fat storage, Proc. Natl. 
Acad. Sci. U.S.A., 2004,101, 15718–15723. DOI: 
10.1073/pnas.0407076101 
21 I. Semova, J. D. Carten, J. Stombaugh, L. C. Mackey, R. Knight, 
S. A. Farber, J. F. Rawls, Microbiota regulate intestinal 
absorption and Metabolism of fatty acids in the zebrafish, Cell 
Host & Microbe, 2012, 12: 277-288. DOI: 
10.1016/j.chom.2012.08.003 
22 H. K. Lee, J. A. Min, H. K. Sung, H. S. Won, C. J. Byeong. 
Purification and characterization of cold active lipase from 
psychrotrophic Aeromonas sp. LPB 4, J Microbiol., 2003, 41: 
22-27 
23 E. K. Costello, J. I. Gordon., S. M. Secor, R. Knight, Postprandial 
remodeling of the gut microbiota in Burmese pythons, ISME 
J., 2010, 4: 1375–1385. DOI: 10.1038/ismej.2010.71 
24 Z. Tian, L. Cabrol, G. Ruiz-Filippi, P. Pullammanappallil, 
Microbial ecology in anaerobic digestion at agitated and non-
agitated conditions, PLOS One, 2014, 9: e109769. DOI: 
10.1371/journal.pone.0109769 
25 W. de Zeeuw, Acclimation of anaerobic sludge for UASB -
Reactor start-up. PhD Thesis, Agricultural University, 
Wageningen, The Netherlands, p: 56, 73, 1984 
26 J. Lindmark, P. Eriksson, E. Thorin. The effects of different 
mixing intensities during anaerobic digestion of the organic 
fraction of municipal solid waste. Waste Management, 2014, 
34, 1391-1397. DOI: 10.1016/j.wasman.2014.04.006 
27 J. Lindmark, E. Thorin, R.B. Fdhila, E. Dahlquist, E.,Effects of 
mixing on the result of anaerobic digestion: Review. 
Renewable and Sustainable Energy Reviews, 2014. 40, 1030-
1047. DOI: 10.1016/j.rser.2014.07.182 
28 P.G. Stroot, K.D. McMahon, R.I. Mackie, L. Raskin, L., 
Anaerobic co-digestion of municipal, solid waste and biosolids 
under various mixing conditions – I. Digester performance. 
2001, Water Research, 35, 1804-1816. DOI: 10.1016/S0043-
1354(00)00439-5 
29 R.A. Hoffmann, M.L. Garcia, M. Veskivar, K.  Karim, M.H. Al-
Dahhan, L.T. Angenent, Effect of shear on performance and 
microbial ecology of continuously stirred anaerobic digesters 
treating animal manure. Biotechnology and Bioengineering, 
2008, 38-48. DOI: 10.1002/bit.21730 
30 E. Petropoulos, J. Dolfing, E. Bowen, R. Davenport, T. P. Curtis, 
Developing cold-adapted biomass for the anaerobic 
treatment of domestic wastewater at low temperatures (4, 8 
and 15 °C) with inocula from cold environments, Water Res., 
2017, 112:100-109. DOI: 10.1016/j.watres.2016.12.009 
31 M. Bradford, A rapid and sensitive method for the 
quantitation of microgram quantities of protein utilizing the 
principle of protein-dye binding, Anal. Biochem., 1976, 72, 
248-254, DOI: 10.1016/0003-2697(76)90527-3 
32 W. T. M. Sanders, D. van Bergen, S. Buijs, R. Costanje, M. 
Gerrits, T. Hoogerwerf, F. Kanwar, G. Zeeman, J. van 
Groenestijn, G. Lettinga. Treatment of waste activated sludge 
in an anaerobic hydrolysis upflow sludge bed reactor, 
Proceedings of the IWPCA Symposium – Sludge Treatment 
and Reuse, pp: 277-305, 1996 
33 B. E. Rittman, P. L. McCarty, Environmental Biotechnology; 
McGraw-Hill, Singapore, 2001. 
34 E. G. Bligh, W. J. Dyer, A rapid method for total lipid extraction 
and purification, Can. J. Biochem. Phys., 1959, 37, 911-917. 
DOI: 10.1139/o59-099 
35 J. Folch, M. Lees, G. H. Sloane-Stanley, A simple method for 
the isolation and purification of total lipids from animal 
tissues, J Biol. Chem., 1957, 226: 497-509 
36 J.E. Hedje, B.T. Hofreiter, in Carbohydrates Chemistry, ed. R.L. 
Whistler and J.N. Be Miller, Academic Press, New York, 1962, 
17th edn  
37 APHA (American Public Health Association) (eds) 2006. 
Standard methods for the examination of water and 
wastewater 21th edition, APHA Washington DC 
38 J. Dolfing, D.B. Janssen, Estimates of Gibbs free energies of 
formation of chlorinated aliphatic compounds, 
Biodegradation, 1993, 5, 21-28, DOI: 10.1007/BF00695210 
39 D. A. C. Manning, A. Bewsher, Determination of anions in 
landfill leachates by ion chromatography, J Chromatogr. A, 
1997, 770: 203-210. DOI: 10.1016/S0021-9673(97)00164-7 
40 A. Gessesse, T. Duelhom, S. B. Petersen, P. H. Nielsen, Lipase 
and protease extraction from activated sludge. Water Res., 
2003, 37: 3652-3657. DOI: 10.1016/S0043-1354(03)00241-0 
41 H. W., Kim, J. Y. Nam, S. T. Kang, D. H. Kim, K. W. Jung, H. S. 
Shin, Hydrolytic activities of extracellular enzymes in 
thermophilic and mesophilic sequencing-batch reactors 
treating organic fractions of municipal solid wastes, 
Bioresour. Technol., 2012, 110: 130-134. DOI: 
10.1016/j.biortech.2012.01.146 
42 U. K. Winkler, M. Stuckmann, Glycogen, hyaluronate and 
some other polysaccharides greatly enhance the formation of 
exolipase of Serratia marcescens, J. Bacteriol., 1979, 138: 663-
670 
43 Y. Sato, K. Yasuhara, J.-I. Kikuchi, T. N. Sato, Synthetic cell 
division system: Controlling equal vs. unequal divisions by 
design, Sci. Rep., 2013, 3:1-5. DOI: 10.1038/srep03475 
44 H. Schmidinger, A. Hermetter, R. B. Gruenberger, Activity-
based proteomics: enzymatic activity profiling in complex 
proteomes, J/ Amino Acids, 2006, 30: 333-350 DOI: 
10.1007/s00726-006-0305-2 
45 N. Gupta, P. Rathi, R. Gupta, Simplified para-nitrophenyl 
palmitate assay for lipases and esterases. Anal. Biochem., 
2002, 311: 98-99. DOI: 10.1016/S0003-2697(02)00379-2 
46 M. C. McCann, M. J. Wade, N. D. Gray, J. A. Roberts, C. R. J. 
Huber, D. W. Graham, Microbial communities in a high arctic 
polar desert landscape. Frontiers, Microbiol., 2016, 7, 419. 
DOI: 10.3389/fmicb.2016.00419 
47 J. G. Caporaso, J. Kuczynski, J. Stombaugh, K. Bittinger, F. D. 
Bushman, E. K. Costello, et al., QIIME allows analysis of high-
throughput community sequencing data, Nat. Methods, 2010, 
7, 335–336, DOI: 10.1038/nmeth.f.303 
48 R. C. Edgar UPARSE: highly accurate OTU sequences from 
microbial amplicon reads, Nat. methods, 2013, 10:996-998 
49 A. K. Shaw, A. L. Halpern, K. Beeson, B. Tran, J. C. Venter, J. B. 
Martiny, It's all relative: ranking the diversity of aquatic 
bacterial communities, Environ. Microbiol., 2008, 10:2200-
2210. DOI: 10.1111/j.1462-2920.2008.01626.x 
50 K. Syutsubo, H. Harada, A. Ohashi, Granulation and sludge 
retainment during start-up of a thermophilic UASB reactor, 
Wat. Sci. Technol. 1998 38:349–357. DOI: 10.1016/S0273-
1223(98)00711-2 
51 K. B. Chipasa, K. Medrzycka, Behavior of lipids in biological 
wastewater treatment processes, J. Ind. Microbiol. 
Biotechnol., 2006, 33, 635-645, DOI: 10.1007/s10295-006-
0099-y 
52 S. L. Neidleman, Effects of temperature on lipid unsaturation, 
Biotechnol. Genet. Eng. Rev., 1987, 5:245-268. DOI: 
10.1080/02648725.1987.10647839 
53 R. Penn, B. J. Ward, L. Strande, M. Maurer, Review of synthetic 
human faeces and faecal sludge for sanitation and 
wastewater research, Water Res., 132, 222-240 
54 J. A. Eastman, J. F. Ferguson, Solubilisation of particulate 
organic carbon during the acid phase of anaerobic digestion, 
J. Water Pollut. Control Fed., 1981, 53 (3): 352-366 
55 O. Nybroe, P. E. Jørgensen, M. Henze, Enzyme activities in 
waste water and activated sludge, Water Res., 1992, 26:579-
584. DOI: 10.1016/0043-1354(92)90230-2 
56 I. Watts, MSc Dissertation, Newcastle University, Newcastle, 
UK, 2014 
ARTICLE Journal Name 
8 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx 
Please do not adjust margins 
Please do not adjust margins 
57 European Ecolabel (eds) 2011. Revision of Ecolabel Criteria for 
Laundry Detergents 2008-2010. Background report, 
ENV.G.2/SER2007/0073rl Commission Decision of 28 April 
2011, Ecolabelling Denmark 
58 R. E, Ley, F. Backhed, P. Turnbaugh, C. A. Lozupone, R. D. 
Knight, J. I. Gordon, Obesity alters gut microbial ecology, J. 
Am. Chem. Soc., 2005, 102: 11070–11075. DOI: 
10.1073/pnas.0504978102 
59 C. J. Doyle, D. Gleeson, P. W. O’Toole, P. D. Cotter, Impacts of 
seasonal housing and teat preparation on raw milk 
Microbiota: a high-throughput sequencing study, Appl. 
Environ. Microbiol.. 2017, 83: e02694-16. doi: 
10.1128/AEM.02694-16 
60 V. Lecomte, N. O. Kaakoush, C. A. Maloney, M. Raipuria, K. D. 
Huinao, H. M. Mitchell, M. J.  Morris, Changes in gut 
microbiota in rats fed a high fat diet correlate with obesity-
associated metabolic parameters, PLoS ONE, 2015, 10: 
e0126931. DOI: 10.1371/journal.pone.0126931 
61 N. Shchegolkova., G. S. Krasnov, A. A. Belova, A. A. Dmitriev, 
S. L. Kharitonov, K. M. Klimina, N. V. Melnikova, A. V. 
Kudryavtseva, Microbial Community Structure of Activated 
Sludge in Treatment Plants with Different Wastewater 
Compositions, Front Microbiol., 2016, 7: DOI: 
10.3389/fmicb.2016.00090 
62 W. Zhou, Y. Li, X. Liu, S. He, J. C. Huang, Comparison of 
microbial communities in different sulfur-based autotrophic 
denitrification reactors, Appl. Microbiol. Biotechnol. 2017, 
101:447–453. DOI: 10.1007/s00253-016-7912-y 
63 L. Runhua, J. Yan, W. Weipan, D. Jie, L. Yueming, F. Bin, Start 
up of the EGSB reactor under the condition of poor nutrition 
and microbial community analysis by next generation 
sequencing, Proceedings of the International Forum on 
Energy, Environment and Sustainable Development (IFEESD 
2016)©, Published by Atlantis Press 366-371, 2016 
64 M. A. Dojka, P. Hugenholtz, S. K. Haack, N. R. Pace, Microbial 
diversity in a hydrocarbon- and chlorinated-solvent-
contaminated aquifer undergoing intrinsic bioremediation, 
Appl. Environ. Microbiol., 1998, 64, 3869-3877.  
65 L., Leven, A. R. B. Eriksson, A. Schnurer, Effect of process 
temperature on bacterial and archaeal communities in two 
methanogenic bioreactors treating organic household waste, 
FEMS Microbiol. Ecol., 2007, 59: 683-693. DOI: 
10.1111/j.1574-6941.2006.00263.x 
66 D. F. Gleeson, C, Williamson, S. E. Grasby, R. T. Pappalardo, J. 
R. Spear, A. S. Templeton, Low temperature S(0) 
biomineralization at a supraglacial spring system in the 
Canadian High Arctic, Geobiology, 2011, 9: 360-75. DOI: 
10.1111/j.1472-4669.2011.00283.x 
67 D. C. Zhang, M. Redzic, H. C. Lie, Y. G. Zhou, F. Schinner, R. 
Margesin, Devosia psychrophila sp. nov. and Devosia glacialis 
sp. nov. from alpine glacier cryoconite, and an emended 
description of the genus Devosia, Int. J. Syst. Evol. Microbiol., 
2012, 62: 710-715, DOI: 10.1099/ijs.0.023937-0. 
68 A. I. B. H. M. Taha, R. Z. Ahmed, T. Motoigi, K. Watanabe, N. 
Kurosawa, H. Okuyama H, in Cold-Adapted Microorganisms, 
ed. I. Yumoto. Caister AcademicPress, Norfolk, 2011, c. 11. 
69 N. Kurosawa, in Cold-Adapted Microorganisms, ed. I Yumoto. 
Caister, Academic Press, Norfolk, 2011, p: AA2 
70 H. Lemmer, D. Roth, M. Schade, Population density and 
enzyme activities of heterotrophic bacteria in sewer biofilms 
and activated sludge, Water Res., 1994, 28: 1341-1346. DOI: 
10.1016/0043-1354(94)90300-X 
71 P. Sukul, S. Schäkermann, J. E. Bandow, A. Kusnezowa, M. 
Nowrousian L. I. Leichert, Simple discovery of bacterial 
biocatalysts from environmental samples through functional 
metaproteomics, Microbiome, 2017, 5, 28, DOI: DOI 
10.1186/s40168-017-0247-9 
72 E. A. Manoel, J. C. Dos Santos, D. M. Freire, N. Rueda, R. 
Fernandez-Lafuente, Immobilization of lipases on 
hydrophobic supports involves the open form of the enzyme. 






























































Journal Name  
ARTICLE 
This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 9  
Please do not adjust margins 
Please do not adjust margins 
LIST OF FIGURES 
  
Fig. 1 – a) Lipids, carbohydrates and proteins in the mixed liquor of reactors treating domestic wastewater at 4, 8, and 15 oC; b) 
Daily methane formation rate per gram of mixed liquor VSS; error bars account for statistical error after nested analysis of 
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Fig. 2 – Normalized lipase activity for the seeded reactors from ‘4’, ‘8’, ‘15’ incubated at the corresponding temperatures and at 
‘37’oC for all samples; normalization (U.ml-1) to the minimum protein content detected in the study (ps WW: 0.2 mg.ml-1) for 
comparison of activities with different protein abundance - 4 oC was set as twice reduced from the minimum detected (0.005 
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Fig. 3 - Relationship between methane formation rate (grey markers), lipid accumulation (white markers) and lipolysis rate at 4, 
8 and 15 oC (rhombus, triangle, square in dark grey respectively); error bars account for statistical uncertainty (95%) after nested 
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Fig. 4 - K Arrhenius plot for all enzyme activities extracted from the reactors at all temperatures, and for raw wastewater, 
incubated at 8, 15 and 37oC. All activities were normalized based on the minimum protein content (WW: 0.2 mg.ml-1); sample 
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Fig. 5 – 16S bacterial heatmap; colour intensity gives an overview of the numeric differences at genus level; from left to right 
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LIST OF TABLES
Table 1 - Solids, proteins and bacterial abundance in the mixed liquor and the raw and primary settled (ps) wastewaters. 
 VSS
* (g.L-1) mg protein**.ml-1 N protein***.ml-1 Σ cells****.ml-1 
4°C 5.48 (±1.18) 0.35 (±0.15) 7.0×1015 3.0×109 
8°C 7.09 (±1.05) 1.03 (±0.11) 2.1×1016 8.7×109 
15°C 5.78 (±1.11) 0.68 (±0.16) 1.4×1016 5.8×109 
ps WW 0.08 (±0.01) 0.20 (±0.02) 4.1×1015 1.7×109 
raw WW 0.51 (±0.20) 0.54 (±0.20) 1.1×1016 4.6×109 
*VSS content of the reactors mixed liquor; **protein content of the reactor samples after cell lysis; values in parenthesis stand 
for standard error, n = 2, 2, 2, 3 for WW, 4, 8 and 15 oC respectively. Assumptions made: ***one protein molecule weighs 
approximately 2×10-16 grams; Avogadro number: 6×1023 Da.g-1; average protein length laa: 300 aa.protein-1 (E. coli and other 
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Table 2 – Average influent and effluent COD quality achieved after acclimation of the reactors to the corresponding temperatures 
(acclimation with raw WW after Batch 3 (day ≈400); with primary settled wastewater, n = 2, 2, 4 at 4, 8 and 15oC respectively); 
time stands for the time required to achieve the reported effluent quality. 
 
primary settled WW (mg.L-1) time (d) raw WW (mg.L-1) time (d) 




COD effluent. at 4oC 116.3 (±8.5) 15-22 112.3 (±1.5) 37-54 
COD effluent. at 8oC 100.0 (±2.0) <9 124.3 (±7.0) 37-54 

















Journal Name  
ARTICLE 
This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 16  
Please do not adjust margins 
Please do not adjust margins 
Table 3 - Lipolysis activity per mixed liquor volume, per gram of protein extracted, per gram VSS of mixed liquor and per cell per day at all operation and incubation temperatures 
(4, 8, 15, 37oC, ps WW (wastewater), raw WW) 

























































































*4, 8, 15 correspond to the operational and incubation temperatures; 37oC, 4-37, 8-37, 15-37 correspond to the operational and incubation temperature respectively e.g. 4-37 
signifies operational temperature 4oC, incubation for the essay 37 oC, ps WW stands for primary settled wastewater. Error bars account for statistical error after nested analysis 
of variance, n = 2, 2, 4 at 4, 8 and 15oC respectively. 
 
 
 
 
 
